The interaction of atomic oxygen with the clean Cu(100) surface has been studied by means of cluster and periodic slab models density functional theory in the present paper. The Cu(4,9,4) cluster and a three-layer slab with c(2×2) structure are used to model the perfect Cu(100) surface. Three possible adsorption sites, top, bridge and hollow site, were considered in the calculations. The predicted results show that the hollow site is the prefer site for atomic oxygen adsorbed on Cu(100) surface energetically. This is in good agreement with the experiment. The calculated binding energies are respective 2.014, 3.154 and 3.942 eV for top, bridge and hollow sites at mPW1PW91/LanL2dz level for the cluster model. The geometry of Cu(100) surface has also been optimized theoretically with various density functional methods and the results show that the prediction from the B3PW91/LanL2dz and mPW1PW91/LanL2dz reproduce the experimental observation. The frontier molecular orbitals and partial density of states analysis show that the electron transfer from the d orbital of substrate to the p orbital of the surface oxygen atom.
I. INTRODUCTION
The adsorption of oxygen on transition metal surface has been studied using a wide range of techniques and methods because of its interest for both basic and applied problems in surface science in the past several decades [1] . The study is also important for the understanding of heterogeneous catalysis and metal corrosion [2] . The adsorption of electronegative element onto metal surface forms the basic processes of catalytic reaction. Therefore, a comprehensive understanding of the bonding processes for the behavior of atom and valence electrons at the metal surface is important scientifically and technologically. In the past several decades, relaxation of low Miller index metallic surfaces has been extensive studied and numerous theoretical predictions have been developed with increasing degree of sophistication going from simple pair potential approximations to first-principles computation [3] [4] [5] [6] [7] [8] [9] . The most elaborated theories give predictions on the two or three first inter-planar spacing which may exhibit alternative contraction and expansion. In the case of Cu(100) surface a crude model leads to an expansion of 1% d 12 [3] , while a much more accurate computation predicts a ca. 3% contraction of d 12 [6, 10] .
Oxygen plays important roles in fields varying from bioelectronics, pharmacology, magnetoelectronics to environmental chemistry and agricultural science. It has been found that, in general, molecular oxygen directly dissociates on the metal surface or does so after adsorption. Adsorption of atomic or molecular species on surface modified their electronic and atomic structural properties and hence the catalytic performance [11] [12] [13] [14] . * Author to whom correspondence should be addressed. E-mail: qc2008@fzu.edu.cn.
Bagus and Illas predict the chemisorption of O/Cu(100) by using a Cu 5 O cluster and ab initio self-consistent field approach [15] . Padilla-Campos and Fuentea performed a density functional study if the adsorption of atomic and molecular oxygen on a cluster model of Cu(100) surface and also the surface co-adsorbed with lithium and potassium atoms [7] . For clean Cu(100) surfaces, the reported results correspond to dynamic low energy electron diffraction (LEED) measurements and give rather consistent results [16] [17] [18] . However, the details of the atomic surface geometry are still unclear and the literature is very contradictory about the surface relaxation for O/Cu(100) system. Photoelectron diffraction (PhD) determination reported by Dobler and coworkers and NEXAFS experiment by Tobin and coworkers indicate the surface adsorption structure was of the c(2×2)-O phase [19, 20] . In contrast, some authors proposed a (2 √ 2 × √ 2)R45 structure observed by LEED with a saturation coverage θ=0.5 Cu mono-layer (ML) [21, 22] . In addition, the very recent literature base on LEED and STM propose that adsorbed oxygen on the four-fold hollow site [23] [24] [25] .
In this work, we present a theoretical electronic and geometry studies of the change in the adsorption of oxygen onto Cu(100) surface. One of our interests is to investigate the effects of the approaches (cluster or slab) and the basis sets and DFT methods selected for the cluster model calculation.
II. COMPUTATIONAL DETAIL
The present work is devoted to the study of the interaction of atomic oxygen with the Cu(100) surface. For that purpose, density functional theory, DFT, was used. For the cluster model, the Cu(100) metal surface was modeled by the Cu 17 (4,9,4) cluster as shown in Fig.1 . This metal cluster is a section of the ideal Cu(100) copper surface with a Cu−Cu nearest-neighbor distance of 0.2556 nm taken from the bulk [26] . The inter-planar layer spacing for the second and third layers (d 23 =0.1807 nm) has been kept frozen during calculation while the distance for the first and second layers was fully optimized. For metal atoms, two different effective core pseudo-potential (ECP), Lanl2mb and Lanl2dz basis sets, have been employed, respectively. The non metallic element, oxygen, was treated by the basis set of 6-31G* of double zeta quality plus d polarization function. The computation method used as well as the basis sets are included in the Gaussian 03W software package [27] . The total energy calculations were performed using the CASTEP [28] software package. The flat copper surface was modeled by an ideal bulk-truncated Cu(100) surface consisting of five layers of Cu atoms. As described above, the inter-planar spacing for the top two layers of Cu(100) slab were allowed to relax during calculation. The surface Brillouin zone of Cu(100) was sampled at special k -points. Ionic cores of metal copper were described by ultrasoft pseudopotential. The vacuum layer thickness was set to 1 nm and the KohnSham one-electron valence plane waves below a kinetic cut-off energy of 340 eV. The exchange-correlation energy and potential were described by the generalized gradient approximation (GGA-PW91). All the calculations were carried on a Intel Pentium 4/3.0 GHz personal computer. We first studied the clean bare cluster Cu 17 (4,9,4) with various density functional methods. The computed results are listed in Table I . When the Lanl2mb basis set was used for optimization, all the predicted first two inter-planar distance d 12 values are larger than that in the bulk (0.1807 nm). The calculated expansion percentages vary from +4.99% (B3PW91) to +6.79% (B3LYP). These indicate that the prediction cannot reproduce the experimental observation when the minimal basis set Lanl2mb was employed. For all selected DFT methods, the predict values of d 12 ] The Table II lists the optimized geometry for O/Cu(100) cluster models with various coverage by using the mPW1PW91/LanL2dz method. d 12v and d 12O denote to the distances between the second layer and the first layer copper without and with O-chemisorbed on and h O denotes the distance for the oxygen over the first layer. For top site adsorption model, the equilibrium geometry for one and two oxygen atoms adsorbed onto cluster surface were predicted. The calculated results indicate that the h O is a little larger at higher coverage than that at lower coverage. In addition, the values of d 12O has no change and the values of d 12v increase. The predicted height of oxygen away from the cluster surface is 0.1307 nm and the bond length of Cu−O is 0.1828 nm for bridge adsorption mode. The distance for the O-adsorbed copper atom (0.1818 nm) is larger than that for bare copper (0.1800 nm). These indicate that the interaction of the O-covered copper with other copper atoms become weak due to its binding with oxygen. For the hollow site adsorption mode, the distance for oxygen above the surface is 0.0866 nm and the bond lengths for oxygen and the four neighboring Cu atoms are 0.2013 nm. Comparing these values with the [14] and other first-principles approaches [7, 32] . These results indicate that the hollow site is the preferred site for atomic oxygen adsorption on clean Cu(100) surface. In deed, it bas been found that the oxygen atom adsorption on the hollow or long-bridge sites other than top site on other surfaces such as (111) and (110).
For the most stable adsorption site the frontier molecular orbitals and their components are shown in Fig.2 . The highest occupied molecular orbital, HOMO, mainly consists of 2p z orbital of oxygen atomic orbital and the 4s and 3p z AO of copper atom beneath the oxygen atom. The lowest unoccupied molecular orbital, LUMO, is an anti-bonding π* MO and mainly consists of p x and 3p x AOs provided by oxygen and Cu(1) atoms. The energy levels for HOMO and LUMO are respective −4.31 and −3.62 eV. Thus the energy gap between HOMO and LUMO is 0.69 eV.
B. Periodic slab model
The relaxation of clean Cu(100) was calculated by using PW91 functional and periodic slab model. The predicted value of d 12 is 0.1734 nm (−4.0%) and larger than the experimental observation by ca. 2%. The computed value of d 12 will be decreases to 0.1727 nm (−4.4%) if the five-layer slab model is used. The predicted structural parameters are shown in Table III . The results are consistent with that gained by using cluster model. From the calculation we conclude that the height of oxygen atoms increase when the coverage changes from 0.25 to 0.50 ML. Figure 3 shows the projected partial density of states (PDOS) for the clean and oxygen-adsorbed surfaces. We see very notable differences between the PDOS of before and after oxygen adsorption for hollow model. Since the electronic configuration for copper atom is 3d 10 4s 1 , all states that characterize the 3d electrons are below Fermi energy level for clean surface. Experimentally, it has been observed the decrease of 3d orbital energy level at 0−−2 eV below the Fermi energy level after adsorption and the emergence of a strong peak for O 2p orbital energy level at at −5.6−−5.9 eV below the Fermi energy level [33] . Meanwhile, the states characterize the 3d orbital of Cu span the Fermi energy level. It is noticeable from Fig.3 that the some electrons in 3d orbital transfer to 2p orbital of oxygen.
The charge and bond population for oxygen and neighboring copper atom is given in Table IV . The predicted results of slab model are in agreement with that by using cluster model. For all selected models, the electrons transfer from copper to oxygen. The calculated binding energy for hollow site are higher than that in bridge site by 0.69 eV for both 0.25 and 0.50 ML coverages. This results are very close to that obtained by using cluster models (0.79 eV). The binding energy for top site mode is smaller that for hollow site by 2.84 eV and is close to that from the 5-MP method. However, all the predictions mentioned above suggest that the four-fold hollow site mode is the most stable site for oxygen adsorption on Cu(100) surface. Furthermore, the Van der Waals radii for Cu and O atom are respective 0.143 and 0.152 nm suggested by Bondi and the ionic radius for O 2− is 0.140 nm [26] . This means that the saturation adsorption for O/Cu(00) system is about 0.5 ML. Because of the strong interaction among oxygen atoms that weaken strongly the adsorption interaction between adsorbate and adsorbent, the binding energies decrease by about 0.41 eV when the coverage decreases from 0.25 to 0.5 monolayer for both bridge and hollow adsorption sites. 
IV. CONCLUSIONS
The geometry and electronic structures of oxygen adsorption onto clean Cu(100) surface using cluster and periodic slab models within the framework of first principles density functional theory. The Cu(4,9,4) cluster and a three-layer slab with c(2×2) structure are used to model the perfect Cu(100) surface. Three possible adsorption sites, top, bridge and hollow site, were considered in the calculations. The predicted results show that the four-fold hollow site is the prefer site for atomic oxygen adsorbed on Cu(100) surface energetically. This is in good agreement with the experiment. The calculated binding energies are respective 2.014, 3.154 and 3.942 eV for top, bridge and hollow sites at mPW1PW91/LanL2dz level for the cluster model. The geometry of Cu(100) surface has also been optimized theoretically with various density functional methods and the results show that the predictions from the B3PW91/LanL2dz and mPW1PW91/LanL2dz reproduce the experimental observation. The frontier molecular orbitals and partial density of states analysis show that the electrons transfer from the 3d orbital of substrate to the 2p orbital of the surface oxygen atom. 
